In this study an atmospheric air plasma reactor was studied for the degradation of HA and THMs in water. Plasma treatment showed significant breakdown efficacies for HA and THMs. At an applied voltage of 80 kV about 93% of HA and >70% of THMs were degraded after 15 min and 30 min treatment time respectively, with the degradation following a first order kinetic model. Plasma induced reactive species including nitrates and H 2 O 2 were quantified in the treated water. The results of FTIR analysis revealed that the molecular structure of HA was altered by the plasma treatment, with a decrease in aromaticity observed.
Introduction
Over the past century chlorine has been widely used as an oxidant in water and wastewater treatment. Chlorine's efficacy is demonstrated for microbial inactivation of a wide variety of pathogens along with oxidation of various chemical contaminants. However, the potential formation of disinfection by-products (DBPs), such as trihalomethane, is a concern [1] . DBPs, including trihalomethanes, can be formed as a consequence of the reaction of chlorine with natural organic matter (NOM) present in both surface and ground water [2] . NOM comprises of two fractions; humic substances (HS), which are composed of humic acids, fulvic acids, and non-humic substances (non-HS), which include carbohydrates, lipids, and amino acids [3] . Furthermore, humic acids constitute a major fraction of NOM, of which the soluble portion (aromatic compounds) of humic substances may react with chlorine to form trihalomethanes [4] . It has been reported that these THMs are carcinogens [5] . Epidemiologic studies in humans suggest a weak association with bladder, rectal and colon cancer [6, 7] along with reproductive and developmental effects [8, 9] .
Due to these health concerns, many jurisdictions specify maximum allowable concentrations. The United States Environmental Protection Agency [10] specifies maximum levels for trihalomethanes (THMs) and haloacetic acids (HAAs) of 80 and 60 mg/L, respectively [11] . European Union regulations limit THMs to 100 mg/L. However, many national reports find frequent occurrence of THM exceedance [12] . It is important to limit THMs and THMs causing substances (humic acids) in water.
Several approaches such as nanofiltration, ultrafiltration, reverse osmosis coagulation [13] , activated carbon adsorption [14] , Fenton treatment [15] , nano-TiO 2 photocatalysis [16] , membrane filtration [17] , biological treatment [18] , and ozonation [19] have been employed to remove humic substances and THM's. Biological processes, including the use of bio-filters may lead to the accumulation of suspended solids and release of bacteria [20] . Separation technologies such as biofilms and membrane filtration may be limited due to fouling [21] . Ozone's efficacy for humic substance breakdown in water has been demonstrated, however the process may result in the formation of brominated by-products [22] . In addition, the use of such advanced oxidation processes (AOP) which are capable of oxidizing some of the NOM present in raw water sources require an additional step for mineralization increasing the operational cost. Therefore, there is a need to develop novel approaches to remove humic substances and THMs in energy efficient manner.
Recently, atmospheric plasma technology has emerged as an advanced oxidation process for waste water treatments, potentially offering effective removal rates and environmental compatibility [23] . The use of atmospheric air as the inducer gas facilitates a potentially environmentally friendly and economically feasible approach. Atmospheric air plasma has been reported to be efficient in the breakdown of dyes [24] , pesticides [25, 26] , aflatoxins [27] and for inactivation of pathogenic bacteria [28] . It is known that dielectric barrier discharge (DBD) plasma initiates several physical processes (UV light, shock waves) and chemical processes (O , O 3 , H 2 O 2 ) [29] , processes which may directly or indirectly act on humic substances. However, limited studies investigate the potential of atmospheric plasma for the breakdown of THMs [30] and HA [31, 32] . It is also important to understand the potential for the formation of DBPs after plasma treatment of humic substances to demonstrate the technology's suitability for water treatment. The objective of this work is to study the efficacy of atmospheric air plasma for the degradation of HA and THMs. In addition, the potential for DBP formation post plasma treatment is also studied.
Materials and methods

Materials
Humic acid (HA) and a trihalomethanes (THM) mix containing; chloroform (CHCL 3 ), bromodichloromethane (BDCM), dibromochloromethane (DBCM), bromoform (BF) were all analytical grade and purchased from Sigma-Aldrich, Ireland. The THM mix was dissolved in methanol to obtain a standard stock solution with a concentration of 100 mg/L. The prepared stock solution was diluted to obtain a minimum concentration of 20 mg/L. Samples of 100 mg/ L and 200 mg/L of HA solution were prepared in deionized water and filtered through 0.45 mm Millipore membranes.
Atmospheric air plasma treatment
A prototype high voltage atmospheric air plasma reactor, based on a dielectric barrier discharge (DBD) design was used in this study and described previously by Sarangapani et al. [26] . Briefly, plasma is generated between two circular aluminium plate electrodes (outer diameter = 158 mm) using two thick acrylic dielectric layers (Fig. 1 ). The applied voltage to the electrode was provided by a step-up transformer (Phenix Technologies, Inc., MD, USA) which has the input of 230 V, 50 Hz from the mains supply. Experiments for THM and HA were conducted separately. For each experiment 20 mL of THM and HA solution was added to petri dishes and subjected to different doses of direct plasma treatment. The atmospheric air conditions at the time of treatment was 40 AE 1% relative humidity (RH) and 16 AE 2 C, as measured using a humidity-temperature probe connected to a data logger (Testo 176T2, Testo Ltd., UK). Plasma treatment was performed at variable discharge voltage levels (60-80 kV) and treatment durations (0-30 min). After processing, the sealed reactors containing the sample were stored at room temperature of [16] [17] [18] C for 24 h to facilitate diffusion of the reactive species and reaction with the spiked compounds. No attempt was made to optimise the diffusion process, as the objective to this work was to study the effects of plasma treatment under controlled conditions. Electrical characterisation of the discharge was performed using an Agilent InfiniVision 2000 X-Series Oscilloscope (Agilent Technologies Inc., USA). The voltage across the electrode was recorded using a high voltage North Star PVM-6 probe together with a 10:1 voltage divider. The current waveform was measured using a current transformer probe (Bergoz CT-E1.0S).
Analysis
THMs analysis was carried out using GC-MS, (Varian 3800 GC, JVA Analytical Ltd., Ireland) with a 2200 Varian ion trap MS. SPME extractions for all plasma treated samples were performed using carboxen-polydimethylsiloxane (CAR-PDMS) fibres. The fibres were conditioned at 300
C for 1 h before use, and blank desorption's were carried out periodically. Each sample (20 mL) was transferred into a vial (40 mL). The incubation and extraction temperature was 35 C, and the samples were equilibrated for 10 min before extraction. The magnetic stirring speed was 1000 rpm. The fibre, attached to a syringe, was placed in the sample headspace for 15 min, drawn back into the needle, and transferred without delay (<5 s) into the GC injection port, where it was desorbed for 3 min at 280 C. All analyses were performed in triplicate. The oven temperature program was 40 C for 4 min, increased at 5 C min À1 to 80 C, then increased at 20 C min À1 to 180 C, with a split less injection mode employed. The analytical column was a Zebron ZB-5MS column and the carrier gas was helium, at 1 mL min
À1
. The mass detector was operated in the electron impact (EI) mode at 70 eV and electron multiplier voltage Fig. 1 . Schematic of the experimental setup. of 1.25 kV. The mass spectrum acquisition range was m/z 35-400, and analytes were identified from their fragmentation patterns using the NIST Mass Spectral Search Program 05 [33] HA concentrations were measured using a spectrophotometer (Shimadzu UV 1800, Shimadzu Scientific Instruments) calibrated at 254 nm. The removal efficiency was measured using following equation.
where h is removal efficiency of each HA/THM, 'C' is the concentration of HA/THM at time 't' and 'C 0 ' is the initial concentration of HA/THM. Plasma degradation of THM or HA in general followed first order kinetics as described in the following equation
where 'k' the degradation is rate constant (min À1 ) of the reaction and 't' is the treatment time (min). Energy yield was calculated according to the procedure of Jiang et al. [34] .
where 'C 0 ' is initial concentration of HA/THM, 'V' is the total volume of solution, 'P' is the input power and 't' is the treatment time The IR spectra were recorded in absorbance mode at 4 cm À1 resolution, using a fourier transform infrared spectrometer (Nicolet iS-5, Thermo Fisher Scientific Inc.,) equipped with an attenuated total reflectance (ATR) over the frequency range 4000-400 cm À1 . The sample measurements were replicated for all individual samples of each treatment class. Analyses were carried out at room temperature of 25 C. The background was collected prior to measurement of each sample. The pH of all samples was measured after 24 h storage using a calibrated glass electrode ORION pH meter (model 420A, Thermo Fisher Scientific Inc.).
Nitrate concentrations were determined photometrically by 2,6-dimethyl phenol (DMP) using a Spectroquant nitrate assay kit (Merck 1.09713, Darmstadt, Germany) and calculated using a NaNO3 standard curve. Hydrogen peroxide concentration was determined according to the procedure of Bohem et al. [35] .
Results and discussion
HA degradation kinetic study
The typical current and voltage waveforms found for the discharge at different voltages are shown in Fig. 2 . A stable nonthermal discharge was seen at a large gap of 23 mm. The applied voltage was observed to be sinusoidal and the total current in the dielectric barrier discharge consists of filamentary streamers, which may trigger photo ionization [36] . The dielectric material plays a key role in the operation by limiting the charge and preventing arcing [37, 38] , which is particularly important for large discharge gaps and high voltages.
The degradation efficiencies for humic acid at different voltages are presented in Fig. 3 . It is clear that the removal efficiency increases with applied voltage and treatment time. The final removal efficiencies after 15 min of treatment were found to be 72%, 82%, 93% at 60 kV, 70 kV and 80 kV, respectively for HA for an initial concentration of 100 mg/L. The change in removal efficiency with treatment time and applied voltage, is attributed to the greater quantities of reactive species generated [23, 26] . Higher voltages beyond 80 kV could lead to further improvements in the treatment efficacies and reductions in treatment time. Humic acid degradation by atmospheric cold plasma can be described by a first-order kinetic model as shown in Fig. 3 . As it can be observed from Table 1 that similar to the removal efficiencies, the rate constant increased from 0.08608 to 0.15509 min À1 for applied voltages of 60 kV to 80 kV. Similar results have been reported by Gao et al. [39] for the degradation of 17b-estradiol in water by DBD. Panorel et al. [32] also reported similar increases in the reaction rates for pulsed corona treatment of aqueous humic acid. The effect of the initial concentration of humic acid solution on the degradation efficiency is presented in Fig. 3(b) . It can be observed that the removal efficiency abruptly decreased from 93% to 86% with increases in concentration from 100 mg/L to 200 mg/L at 80 kV for 15 min of treatment time. A significant decrease (p < 0.05) in removal efficiency with increases in concentration is due to the fact that at a fixed applied voltage, the active species produced in plasma discharge were maintained at specific concentration levels [39] . Therefore, longer treatment times should be given to diffuse activated species into the solution with high concentration for greater removal efficiencies [40] . It is also Therefore, more energy is required to degrade the humic acid molecule at high concentrations with greater competition between humic acid molecules and active species [42] . Similar results have been demonstrated in previously published papers [43, 44] . Photo electro catalysis of HA achieved an overall removal of 95% with 90-210 min of treatment with energy yield values of 0.17-1.6 g/kW h [45] . Similarly, TiO 2 photo catalysis treatment of HA resulted in large amounts of disinfection by-products with slightly higher energy yield values (0.12-0.75 g/kW h) compared to the present study. Comparing with previous studies on humic acid degradation using AOP procesess our design was found to have slightly lower energy yield which may be due to the high initial concentration of the solution. Thus, plasma treatment can be an efficient technique for the removal of humic acid at comparably short treatment times. The mechanism of humic acid degradation by plasma occurs through electrophilic attack of plasma active species such as ozone on electron rich sites. The major source of electron rich moieties are unsaturated carbon structures for instance the aromatic and olefinic groups. Functional groups of humic acids such as hydroxyls (À ÀOH) and amines (À ÀNH 2 ) can enhance the reactivity of adjacent carbon bonds due to their electron donating capacity. On the other hand, functional carboxylic groups (À ÀCOOH) may decrease the reactivity to adjacent carbon groups due to their electron withdrawing capacity [46, 47] . It was observed that plasma treatment of humic acid resulted in decolourization, potentially due to the loss of aromaticity by decyclization of the humic acid macromolecule [48] . Another decolorization mechanism is attributed to the formation of pseudo-quinoic groups, formed by the electrophillic reaction of ozone with the phenolic groups of humic acid. Further increases in treatment doses results in breakdown of the aromatic cycle which results in the generation of carboxylic groups. Extended treatment results in the formation of byproducts such as aldehydes and carboxylic acids. Therefore, plasma treatment can affect the initial carbon structure and also the functionality of humic acids.
It is known that the initial pH of the solution is an important parameter governing the degradation process. The effect of pH on the removal efficiency was investigated for acidic, neutral, and alkaline solutions at a HA solution concentration of 100 mg/L and an applied voltage of 80 kV. As shown in Fig. 5(a) and (b) , the removal efficiencies achieved were 67%, 82%, 90%, and 38% for pH values of 10.5, 8.5, 6.5 and 2.5, respectively. A maximum removal efficiency of 90% was achieved at pH 6.5, with relatively low efficiencies of 38% obtained for the acidic environment of pH 2.5 after 15 min of plasma treatment. It is known that atmospheric air plasma generates numerous active species including; O 3 , OH, H 2 O 2 by electron disassociation of oxygen and water molecules, followed by subsequent chemical reactions [49] . In addition, indirect degradation is also possible through UV light and shock waves [50, 51] . For details on the generation of O 3 , OH, H 2 O 2 and other plasma species the reader is directed to previous publications [52, 53] . The atmospheric plasma oxidation mechanism of chemical contaminants may occur via direct and indirect (forming OH) mechanisms. However, both reactions can occur simultaneously and ozone may react with unsaturated functional groups present in organic molecules. The first stage of oxidation occurs through ozone molecular reactions, which proceed via electrophillic attack on the azo chromophoric groups and double bonds of À ÀC¼CÀ À connecting aromatic groups [54] . Rapid oxidation might occur due to cleavage of the conjugated bonds of humic acid molecules [55] . Direct reactions are predominant in acidic environments and are efficient processes for compounds with functional groups, aromatic systems (phenolics) or double bonds. The pH values of plasma treated humic acid solutions were reduced significantly (pH 2.5) after 15 min of plasma treatment irrespective of the initial pH. This is attributed to the formation and accumulation of strong acids such as nitric acids, nitrous acid and other carboxylic acids [53] . This resulted in a decrease in the 
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removal efficiencies due to the lower pH. At high pH indirect oxidation via O 3 and H 2 O 2 results in the formation of OH radicals [52] . This likely led to the enhanced removal efficiencies at high pH values of 6.5 and 8.5. This is due to the fact that the oxidation potential of the OH (2.80 V) radical is significantly higher than that of O 3 (2.08 V). The hydroxyl radical reaction contributes more to the change in pH (to certain extent pH < 8), which results in an increase in removal efficiency. A similar phenomenon was observed in reports by Huang et al. [56] for the degradation of methylene blue by atmospheric DBD plasma. Superior phenol removal efficiency was achieved at pH 10.2 using a gas-liquid phase pulsed discharge plasma reactor [57] . Sun et al. [58] also reported that the formation of reactive species are pH dependent. However, an increase in pH to 10.5 resulted in lower removal efficiencies due to the fact that OH radicals are consumed by OH À ions [59, 60] . The formation of HO 2 À in alkaline conditions can consume OH radicals and decrease removal efficiency [61, 62] . The role of carbonate and bicarbonate anions present in HAs in alkali solutions should also be considered, as these ions play an important role in the degradation process, principally acting as radical scavengers [63] . During plasma oxidation, especially at high pH, these anions remain in alkali systems in the form of carbonate and bicarbonate anions, even after oxidation of organic carbon to CO 2 . Therefore, this leads to decreases in the removal efficiency of humic acid at high pH.
Role of active species
Active species such as OH radicals clearly play a key role in the degradation process. In order to evaluate the effect of OH, a radical scavenger (tert-butyl alcohol) was used. For this study the solution pH was maintained at 6.5 for a concentration of 100 mg/L and applied voltage of 80 kV. From Fig. 5 (c) and (d), it is evident that the radical scavenger has a significant effect on the removal efficiencies. The presence of the scavenger at concentrations of 4 and 6 mmol/L decreased the overall removal efficiencies by 38% and 54%, respectively. This points to the role of hydroxylated reactions in the degradation process for atmospheric plasma treatment. Thus, O 3 , H 2 O 2 and other reactive nitrogen species may have important roles in the degradation of humic acids in the presence of radical scavengers. Similar results were also reported by Hu et al. [64] for the degradation of organophosphate pesticide in wastewater by DBD plasma. Li et al. [65] (Fig. 5(e) and (f) ). Similar formations of high nitrate concentrations in solutions were reported for gliding arc plasma treatments [69, 70] . Such increases in nitrates cause a drop in pH. In this study no nitrites were detected, this is due to fact that nitrite is not stable in acidic conditions and can be easily converted to HNO 2 . The resulting HNO 2 is further susceptible to decomposition [70, 71] . Nitrates formed under acidic conditions undergo several reactions to form peroxynitrite acid [72] . Lukes et al. [73] reported that the oxidative ability of reactive nitrogen species is lower than reactive oxygen species as they are formed by consuming the stronger oxidant ÁOH which in turn converts to HNO 3 . Plasma discharges to water also generates H 2 O 2 [72, 74] . The concentrations of H 2 O 2 increased linearly with respect to treatment time for all voltages with concentrations in the range of 0.174-1.87 mM. The high amounts of H 2 O 2 in the treated effluent are due to the retention of reactive species in the gas phase in contact with the treated liquid for extended periods of time. Earlier work by our group achieved stable concentrations of H 2 O 2 in solutions for extended storage times of several weeks in a closed reactor [35] .
Mineralization of humic acid
Mineralization of humic acid after atmospheric plasma treatment was evaluated via changes in the UV-vis spectra, TOC values and FTIR. The evolution of UV-vis absorbance spectra with increases in time and applied voltage are presented in Fig. 6(a) . It can be observed that the absorbance of the UV-vis spectra was gradually decreased with increasing treatment time and voltage. These results correlate with the degradation values of humic acid described earlier. Similar results in UV-vis absorbance values were reported by Wang et al. [31] for DBD plasma treatment of humic acid. Ozonation also shows significant reductions in absorbance values [63] . The TOC values after plasma treatment are presented in Fig. 6(b) . The TOC values tend to decrease with increases in plasma treatment. The TOC removal efficiencies achieved were 25%, 33% and 45% for 60 kV, 70 kV and 80 kV respectively, after 15 min. In comparison with the HA removal efficiencies, the TOC removal efficiencies achieved were not more than 50%, which can be attributed to the formation of low-molecular weight compounds such as carboxylic acids before being completely mineralized [75] .
FTIR analysis was performed in order to confirm the structural changes in humic acid after plasma treatment. Fig. 6(c) shows the FTIR spectrum of plasma treated humic acid. Typical broad and intense bands are centred around 3400 cm
À1
, which is attributed to the associated OÀ ÀH stretching vibrations (alcohols, phenols and carboxylic acids).The bands at $2924 and 2854 cm À1 could be assigned to aliphatic CÀ ÀH stretching, the band at 1720 cm À1 (due to the C¼O stretching vibration) and the band at 1405 cm
(attributed to the OÀ ÀH bend in the COOH group) [76] . The band at 1630-1600 cm À1 could be assigned to aromatic C¼C stretching.
The band at $1382 cm À1 is attributed to OÀ ÀH deformation or CÀ ÀO stretching or CÀ ÀH. The broad band at 1220 cm À1 corresponds to oxygentated groups of aromatic ethers, phenols and carboxylic acids [77] . A few changes were observed in the IR spectra of the plasma treated samples. When compared to the control samples the peak at 3447 cm À1 strengthened, denoting OÀ ÀH vibration of carboxylic and alcoholic groups. The presence of weak bands at $2924 and 2854 cm À1 indicates changes in aliphatic CÀ ÀH stretching, which increased with plasma treatment time. The trend of band increasing at 1730 cm À1 with treatment time indicates plasma oxidation of C¼C bonds, producing C¼O. This is attributed to the production of saturated aldehyde, carboxylic acids or other secondary oxidation products [63] . Similarly, a decrease in the peak at 1630 cm À1 would indicate the reduction in aromaticity of humic acid. Interestingly, a new band around 1382 cm À1 was observed across all the plasma treated samples, which was not observed for the control. This peak corresponds to the formation of nitrate during air plasma treatment. A similar peak was also observed for ozonated humic acid samples [78] , with the authors reporting that the presence of reactive nitrogen species might be responsible for such changes in the humic acid. Thus, plasma treatment changes the structure of humic acid which results in a decrease in armoticity and an increase in carboxylic acidity [78] . Most of the literature supports these findings, that plasma oxidizes the humic substances into lower molecular weight compounds [79] . This plasma oxidized organic matter can be more aliphatic in character and more polar similar to ozonation and is expected to be recalcitrant to further oxidation.
THM degradation study and DBP reduction potential
It can be observed from Fig. 7 . that the four THMs, namely CHCL 3 , BDCM, DBCM and BF were identified at retention times of 1.25, 1.96, 3.48 and 6.82 min, respectively. The removal efficiencies of THMs by atmospheric air plasma is presented in Fig. 8 . The removal efficiencies achieved after 80 kV and 30 min of plasma treatment were found to be 99% for chloroform, 94% for BDCM, 89% for DBCM and 74% for BF, respectively. As observed with HA, a further increase in the initial concentration reduced the overall removal efficiency. Among the four THMs, CHCL 3 was the most susceptible to degradation. In addition, degradation of THMs especially for BF, at the start of plasma treatment was relatively faster and decreased as plasma treatment continued. This phenomenon may be due to the fact that bromine substituents are better leaving groups than chlorine substituents. Moreover, the reactive species generated preferentially break CÀ ÀBr bonds ($55.5 kcal/mol) over CÀ ÀCl bonds (66-100 kcal/mol) in a mixed halogenated compound during the dehalogenation process [80] . These results are also evident in the observed rate constant values. From Table 1 it can be observed that THMs removal also followed a first-order kinetic model. It was also observed that after plasma treatment of 30 min, due to a sufficient decrease in BF concentration, the reaction pathways of BDCM and DBCM was able to compete and faster kinetics were observed. This phenomenon can also be observed from Fig. 8 . which shows the slightly higher peaks for DBCM, and BDCM in comparison with CHCL 3 and BF. Interestingly, the overall removal efficiencies achieved was found to be greatest for CHCL 3 and least for BF. This is attributed to the volatility of THMs [81] , where CHCL 3 with vapour pressure of 26.3 kPa could more easily escape and react with the gaseous reactive species than BF at a vapour pressure of 0.6 kPa. Furthermore, the reaction of plasma active species with the sample also depends upon the hydrophobicity. Increases in the hydrophobicity of a solution would make it more efficient as a radical scavenger. Among the THMs studied BF is the most hydrophobic. It can be concluded that compounds less hydrophobic and more volatile are more susceptible to degradation [82] . The plasma removal efficiencies in the present study follows CHCL 3 > BDCM > DBCM > BF. Similar observations were reported by Bayona Termens et al. [30] and Shemer and Narkis [83] . The efficacy of atmospheric plasma for the degradation of DBPs after chlorination in HA acid samples was also evaluated. For this purpose, sodium hypochlorite was added to each of the plasma treated HA samples (at 80 kV for treatment durations of 0, 10, 15 min) and incubated for one week. After incubation, the samples were tested for the formation of DBPs. GC-MS analysis revealed that CHCL 3 was the only DBP detected. It was observed that the concentration of CHCL 3 detected in the HA samples was found to decrease with plasma treatment. The concentration of CHCL 3 detected was found to be 98 mg/L in the control, 68 mg/L for 10 min and 33 mg/L for 15 min plasma treatment, respectively. Similar reductions in DBPs formation potential was achieved in ozone-UV treatment of river water by Chin and Be'rube' [84] . However, Wang et al. [31] reported an increase in the levels of CHCL 3 for HA sample exposed to 20 min plasma discharge, while further increases in treatment time reduced the CHCL 3 levels. Nan et al. [22] reported that ozonation enhanced the yields of all detected chlorine DBPs except CHCL 3 . Verma et al. [85] also reported increased amounts of DBP's after ozonation. It should be noted that the increase in DBPs potential depends on the presence of precursor ions such as Br À . Ozone can oxidize bromide present in water to bromate which upon further oxidation leads to production of hypobromous acid and hypobromate [86] . This further can react with organic matter present in water to form brominated disinfection by-products. In this work, no such production of Bromate ions was observed. Therefore, the reduction in DBP's potential can be attributed to oxidation of organic matter by direct and indirect mechanism by plasma active species. However, it is known that plasma treatment may not completely mineralize the organic matter of HA but it can alter the chemical structure of some of the DBP precursors that do not react with chlorine to form chloroform. It is known from previous studies that ozonation reduced the formation of THMs when compared to chorination [87] . Verma et al. [85] reported that the occurrence of THMs was 61% less compared to chlorination. In the present work, the decrease in THMs formation was 60%. Hence, atmospheric cold plasma treatment can be used as a disinfectant alternative as it can reduce the formation of one of the most prevalent human carcinogenic DBPs.
Conclusion
The degradation of humic acid using atmospheric plasma was investigated. The maximum removal efficiencies found were 93% at 80 kV for 15 min of plasma treatment. Degradation of humic acids by plasma treatment follows an overall first-order kinetic model and the removal efficiencies are dependent on applied voltage, treatment time, initial pH and initial concentration. The role of plasma active species such as OH radical, nitrates and H 2 O 2 in the degradation process was investigated. The decrease in UVvis absorbance and TOC at extended treatment times suggests that plasma treatment mineralized the humic acid. A decrease in aromaticity and an increase in carboxylic acidity following plasma treatment of humic substances and plasma induced changes in functional groups were monitored by FTIR. Furthermore, plasma treatment also degraded trihalomethanes in water and reduced the potential for formation of DBPs. The removal efficiencies followed; CHCL 3 > BDCM > DBCM > BF. The kinetic values obtained from this study can be used to predict the removal of DBP precursors for water with similar characteristics as the one used in this study. This demonstrates the potential of plasma treatment for reducing HAs, THMs and other DBPs in water. Further studies could focus on the formation of other halo acids post plasma treatment.
